Abstract-A nonquasi-static table-based (NQS-TB) small-signal model, which has been used successfully in modeling FETs, is applied to a heterojunction bipolar transistor (HBT). The capacitive couplings associated with base cause the conventional model to be invalid at high frequencies. To take these effects into account, a new model is proposed that is compatible with a small-signal T-model topology. We demonstrate good agreement between the measured and simulated -parameters over the range of 1 40 GHz.
I. INTRODUCTION
T HE GUMMEL-POON large signal model, which is known as quasi-static, has been extensively used by most HBT circuit designers [1] and reduces to a T-model under small-signal conditions [2] , [3] . The large signal models have been modified to take many effects into account such as thermal and nonquasi-static effects. Some authors have pointed out the fact that high frequency operation of HBT cannot be accurately described by conventional quasi-static (QS) approach [4] - [6] . Recognizing the origin of errors in the QS models at high frequency is the effect of stored minority carrier charge in the neutral base region, several methods have been developed to include this phenomenon into both small and large signal models for HBT [4] , [7] , [8] . The various approaches of modeling can be grouped into two broad categories. The one is a weighting methodology [4] , [8] , and the other is an infinite series expansion solution which has been implemented by using the effective time constant approach of Seitchik et al. [7] . The remaining authors have added transcapacitances on a conventional Gummel-Poon large signal model to make it device-independent [9] , [10] .
In spite of extensive research, a nonquasi-static model has been rarely applied to HBT since this model do not enhance the accuracy of the model remarkably while it is very complicated to extract suitable model-parameters. Although the Gummel-Poon model is known as a quasi-static model generally, it already has Manuscript received April 11, 2002 [11] , [12] . This empirical FET model can be applied to arbitrary 3-terminal devices. The model has three nodes and each node contains just two elements. One is for conduction current and the other is for displacement current. The model has been applied to various FETs, such as MESFET, HEMT, and MISFET fabricated from different technologies. The model can predict device operation under dc, small signal, and large signal. Advantages of this approach are fast parameter extraction, accuracy, computational efficiency, charge conservation, and requirement of only a single model to simulate in commercial simulators such as SPICE and Agilent ADS [11] .
Since it is demonstrated that this topology is applied to various FETs, it has been expected to be applied to different structure devices such as a bipolar transistors without considering the physical structures. However, as the device operation frequency increases, the model cannot be directly applied to HBTs. This is inherited from the fact that the physical structure of an HBT is different from that of FET, and this difference becomes noticeable at high frequency. The main difference is the property of the capacitance in base. To apply NQS-TB model to HBTs successfully, we include this effect into conventional NQS-TB model of FET and verify the proposed model.
In Section II, we explain the physical differences and propose the new model of HBT, which is analytically compatible to small-signal T-model. In Section III, the measured and simulated -parameters are compared to demonstrate the accuracy and consistency of this approach.
II. MODEL DERIVATION
Usually a transistor model is divided into an extrinsic part and an intrinsic part. The former is bias independent and is identical regardless of empirical models or physical models. The latter is bias dependent part and has to be modeled by various approaches. In a charge-based model, the intrinsic part is assumed as a black-box model where current and charge constitutive relations characterize the conductance and the capacitance at each terminal. This methodology is very useful because it is 0018-9383/02$17.00 © 2002 IEEE not needed to consider device structures and therefore parameters can be extracted very fast. Since the parameters of the charge-based model are stored in a tabular form in the simulator, it is known as the table-based model. Some problems associated with a table-base model are convergence issue and poor accuracy between data points. But these problems can be overcome practically by using a B-spline fitting function [11] .
As shown in Fig. 1(a) , the intrinsic part has a stored charge in each node and a conductive element between nodes in conventional NQS-TB large signal model to characterize FET. There is no conductive element between gate and drain since the current along this path is negligible. The total current in each node is represented as the sum of conduction current and displacement current generally [11] , [13] . Conduction currents are modeled using conductive elements and displacement currents are modeled using nonlinear charges, thus assuring both current and charge conservation.
Since a NQS-TB model is based on the charge-based approaches, the small signal model can be described with delay elements and partial derivatives of large signal model elements. In inverse relation, the large signal can be calculated from partial integrals of small-signal model elements [11] .
When the first-order nonquasi-static approximations [11] , [14] are used based on the large-signal model of Fig. 1(a) , the common source -parameters of intrinsic element in small signal models are given by (1) where the first term for the conduction current is described by the conductance , the second term for displacement current is by the delay-time , and finally, the capacitance is . Although this approximation has been used in small signal models of FET successfully, it is no longer valid at high frequencies when one introduces it to -parameters of HBTs, especially . This is because the input an HBT always sees two kinds of capacitances ( and ) that are schematically shown in Fig. 1(b) . The characteristics of these capacitances are also very different.
is mostly due to diffusion capacitance while is mostly due to depletion capacitance under forward active bias. This is different from the case of FET, whose gate sees the two depletion capacitances ( and ) only. The different properties of the capacitors in HBT become significant at high frequency and cannot be modeled with a single capacitance element as (1) .
Although two capacitive elements with two different delaytimes are included in , just one conductance element is included in since the conductance between base and emitter is much larger than that between base and collector. When the model parameters are based on the previous assumption, of an intrinsic part can be modeled as (2) where is conductance, and are capacitances, and and are delay times related to and , respectively. The proposed large signal model is represented in Fig. 1(c) . A new charge element, which reduces errors at high frequency, is added in the base node of the intrinsic part. Conductance between base and collector is neglected to simplify the model. This model dictates that both and should be modified to the form of (2) in order to be extended to the NQS-TB large signal model as shown in Fig. 1(c) . But doesn't need to be modified in small signal modeling since the change of the charge in the base-collector junction is not as significant as that in the base-emitter junction if the bias between base and emitter remains unchanged. This phenomenon is becomes clear when a collector layer is fully depleted such as our devices at active bias. If a collector layer is not fully depleted or a more accurate model is needed, it is possible to modified of the conventional NQS-TB model. But the accuracy of the model is increased scarcely since is much smaller than the other -parameters. To check the discrepancies in at high frequency, we investigated the intrinsic part of HBT under active bias condition by using both the conventional (1) and the proposed (2). Both models can predict the real part of very well, but only the proposed model can predict the imaginary part as shown in Fig. 2 . This is attributed to the fact that the value of imaginary parts increases beyond middle-range frequency.
, which is modeled by the conventional approach like (3) that is derived from (1), cannot predict this phenomenon. In other words, the device operation at high frequency cannot be modeled by considering one dominant capacitor, , and another capacitive element with a delay element should be included in the model. By considering the physical structure of HBT, we can easily identify that this secondary capacitance element is related to
The imaginary part of with two capacitance elements is written as (4) from (2). If is the dominant capacitance and is larger than , the term of the numerator in (4) can be ignorable at low frequency since is much smaller than . But errors at high frequency cannot be removed without this term as shown in Fig. 2 since the term increases faster than the term.
The delay-time of dominant capacitance is smaller than that of . The delay-time related to depletion capacitance is smaller than that of diffusion capacitance since charges in depletion capacitance are faster than in diffusion capacitance. It can be predicted that is due to diffusion capacitance and closely connected with , while is due to depletion capacitance and closely related with . But it doesn't mean that and are equal to and respectively as shown in (10) . The aforementioned characteristics can be found in a T-model, which is widely used for small-signal modeling in HBT. All model-parameters of the model can be directly tied to the physical structure of HBT and the model also has a nonquasi-static parameter such as the emitter-collector phasedelay time [16] . By comparing with the T-model, the proposed model will be verified to be acceptable physically.
We investigated that the -parameters can be derived from the intrinsic part of the T-model as shown in Fig. 3 . and are often treated as the extrinsic parts because they are not varied with bias changes in HBT unlike Si-BJT. But they are included in the intrinsic part of our model to enable simple parameter-extraction because the value of can be extracted after extracting the intrinsic parameter generally [15] . At first, -parameters of our model are derived without approximations as (5) (6) (7) (8) where , , , and is the transport factor.
Generally, the following approximation is valid in HBT due to and (9) where is the base transit frequency and is the emitter-collector phase-delay time.
Equations (10) and (11), shown at the bottom of the page, are derived from (7) and (8), respectively, using (9), , ,
, and under active bias conditions in (10) and (11) . Since (10) and (11) has just one pole and one zero, and can be converted to the form of (1). and of the intrinsic part are derived as (12) and (13) under the previous assumptions, which are used to derive and
The term of numerator in the imaginary part of (13) can be ignored since is much smaller than . On the other hand, the term of (12) cannot be ignored due to the same reason. The imaginary part of and are similar to (3) and (4) respectively since can be modeled with two nonlinear capacitors and can be with just one. -parameters of the intrinsic part in the T-model except are modeled with just one conductive element and one capacitive element. Only has one conductive element and two capacitive elements. It is similar to the proposed model.
The proposed NQS-TB model is acceptable physically since the model is analytically compatible with the T-model [9] . Even though only of conventional NQS-TB model for FET is modified, the proposed model is valid. Moreover, there are advantages of our model over the T-model. These are direct extraction of parameters and easy extension of small-signal parameters into large-signal parameters [11] . 
III. RESULTS AND DISCUSSIONS
The InGaP/GaAs common-emitter HBT with an emitter size of 1 12 m was used in this investigation. The cutoff frequency is 20 30 GHz at 4.5 10 12.5 10 A/cm . The collector layer of the device is fully depleted at active bias because this layer is thin.
We extracted the extrinsic parameters by conventional method with the measured -parameters [15] . Small signal parameters in the intrinsic part such as , , and are extracted from the measured values directly without optimization over a wide range of bias points;
A and V. Both downhill simplex methods and the Marquardt method are used to extract parameters directly [17] .
The values of the HBT model parameters at A and V are given in Table I . and are larger than and respectively. As mentioned in Section II, this result is caused from the fact that is closely connected with and is with . is larger than the sum of and as shown in (11) . Fig. 4 shows the measured and simulated -parameters including extrinsic parameters at the same bias condition. Good agreement was obtained over an entire frequency range of 1 40 GHz. This is caused by the effect of , which cannot be ignored at high frequency. Consequently, the error of the conventional model will increase when becomes larger. By considering the bias dependence of two capacitances, the tendency of errors can be predicted when the conventional approach is adopted. If the base current increases at the fixed collector voltage, diffusion component of will also increase while will remain almost constant. The ratio of to (10) becomes smaller, which will reduce the error at the high frequency. On the other hand, if the collector voltage increases at the fixed base current, diffusion component of will decrease since the collector current decreases due to self-heating. However, is not changed rapidly since it is mostly composed of the depletion capacitance, which is rarely affected by the collector current and the epilayer of the collector is fully depleted at active bias. Since is decreased and is not changed rapidly as the collector voltage increases, the ratio of to becomes larger, which will increase the error. To check the bias-dependency of the error at high frequency, the average errors of are calculated in the frequency range of 20 40 GHz. The average error of is defined by (14) where is the number of frequency points. Fig. 5(a) shows that the error decreases with and increases with in the conventional model. But the proposed model maintains small errors over wide bias range and makes bias dependency of errors insignificant as shown in Fig. 5(b) . These results indicate that the effect of should be considered to reduce errors at high frequency.
The proposed NQS-TB model is more accurate than the conventional NQS-TB model when the effect of is significant at the vicinity of the cutoff frequency. The operation frequency of the device is generally below the cutoff frequency. But an accurate model is still needed beyond cutoff frequency to predict harmonics of a fundamental signal when high power amplifier is designed. Even though our proposed NQS-TB model is more accurate than other physical and empirical models only beyond the cutoff frequency, the procedure to get small-signal model parameters is very simple and these parameters can be converted into large-signal parameters easily. Also, the proposed NQS-TB model is expected to be applied to many other HBTs without considering the device structures just as a conventional NQS-TB model has been to various FETs. 
IV. CONCLUSION
A NQS-TB small signal model is applied to HBT for the first time. The capacitive coupling between base and collector was identified as the dominant factor of the discrepancies at the high frequencies between the measurements and the conventional models whose node has one capacitance and one conductance equivalently. To overcome this, a new model is proposed that contains two capacitive elements and one conductive element in and is verified experimentally. The model is compatible with the small-signal T-model analytically. A good agreement between measured and simulated -parameters in frequency range of 1 40 GHz was obtained over the wide range of bias points. It is also expected that the proposed model will be readily extended to a large signal model as in the case of FET modeling.
